Abstract-Despite being widely investigated for the last two decades, solder joints thermomechanical durability assessment remains a major concern for industries wishing to switch from lead-based (SnPb) to lead-free electronics. Amongst the variety of lead-free solder compositions, 96.5Sn-3.0Ag-0.5Cu (SAC305) solder alloy has become the preferred substitute to classic SnPb solders. However, unlike SnPb assemblies, the return on experience is limited and the microstructure is very different for SAC305 solder joints. The use of SAC305 solder paste requires to understand the mechanical and fatigue behaviors of the soldered interconnects. This paper presents the experimentation based on strain gages measurements, allowing the determination of the shear stress-strain response of SAC305 solder joints subjected to different thermal cycling conditions. The area of the experimental shear strain-stress hysteresis loops gives the values of the strain energy density corresponding to each thermomechanical loading. The finite element modeling of the test assembly showed a good correlation between experimental and numerical strain energy densities. The experimental shear strain-stress curves also provide the necessary data to derive SAC305 solder joints constitutive laws.
INTRODUCTION
Solder joint fatigue is a main reliability concern for aerospace and military industries whose electronic equipment used in the field is required to remain functional under harsh loadings. Electronic assemblies can indeed encounter a wide range of environmental stresses mainly due to thermomechanical loadings eventually leading to temperature-induced solder joints cracking [1] . Due to the RoHS directive which eventually will prevent lead from being utilized in electronic systems, there is a need for a better understanding of lead-free thermomechanical behavior when subjected to temperature variations.
Characterizing solder joints properties remains a challenge as viscoplastic behavior during thermal cycling is complex and since their small dimensions prevent direct measurements from being performed. Energy-based fatigue models, such as Morrow's law, are nowadays widely considered to describe lead-free solder fatigue [2, 3] . The use of strain energy density as the fatigue criterion has indeed the advantage to take into account strain and stress amplitudes generated during thermomechanical loading. Most studies consider an approach based on accelerated testing and finite element modeling (FEM) to calculate the strain energy density [4, 5] . However, this approach requires prior knowledge of the solder material constitutive laws. Tensile, creep and/or stress relaxation tests are therefore usually conducted in order to determine the elastic, plastic and viscoplastic models associated with the solder material behavior. These constitutive laws are then implemented in FEM software to allow the calculation of stress and strain in solder joints. This methodology nevertheless lacks accuracy as monotonous testing decouples viscoplastic phenomena from each other while they occur simultaneously during thermal cycling. Another way to assess the strain energy density and capture continuous viscoplastic effects during thermal cycles is the construction of the experimental solder joints shear stress-strain hysteresis curve (since this curve is closed, the term "hysteresis loop" will also be used in the rest of the text). This method consists in measuring strains on a strain gages-instrumented test vehicle (four strain gages placed at the center of top and bottom faces of the component and the PCB) during temperature cycles. Based on relevant mechanical hypothesis, the shear strain-stress response of critical solder joints can be determined from the strain measurements. The area of the hysteresis loop gives a measure of the strain energy density dissipated during thermal cycling.
This experimentation has been imagined by P. Hall in 1984 to assess the shear stress and strain in Sn60Pb40 solder interconnects from an 84 I/O Leadless Ceramic Chip Carrier assembly subjected to temperature cycling [6] . P. Hall made the assumption of an axisymmetric model to describe his test vehicle and assess the force and displacement exerted on the critical solder joints (for a peripheral package with no die, the critical solder joints under thermal cycling are localized at the corners of the component: maximum distance between solder joint and neutral axis). Using strain gages adequately placed, P. Hall was able to assess the shear strain and stress in the critical solder joints as functions of the deformations measured with the strain gages. By cross-plotting the temporal evolutions of shear stress and strain, the corresponding Sn60Pb40 hysteresis loop could be plotted. The obtained thermomechanical response was later used by J-P. Clech to derive Sn60Pb40 solder constitutive laws [7] . Based on an energy-based fatigue model, the same author developed an algorithm to predict the durability of a given electronic assembly from the calculation of the corresponding strain energy density dissipated during thermal cycling [8] . The power of the methodology relies on its double interest: the hysteresis loop construction is 1) a characterization test allowing the determination of solder material behavior laws and it is also 2) a mean to assess thermomechanical damage in solder interconnects during thermal cycling. With the large variety of lead-free compositions coming up on the market and the long-time accelerated testing usually required to qualify a product, this experimentation can be very interesting for companies wishing to reduce time-consuming tests and costs.
Although it appears to be a powerful tool, the hysteresis loop experimentation has never been conducted for lead-free solder joints after reflow assembly. This paper presents the adaptation of P. Hall's original work for SAC305 solder interconnects. Custom daisy-chained 76 I/O Ceramic Ball Grid Array (CBGA76) components were designed and assembled on flame retardant (FR-4) multi-layered (8 copper ground planes) PCB. The component and the PCB were optically characterized to measure their corresponding Coefficient of Thermal Expansion (CTE). Four strain gages were specifically placed at the center of the assembly on top and bottom faces of the PCB and the CBGA76 component. Based on Hall's axisymmetric model which aims to measure the primary effects, strain gages measurements are computed to derive shear stress and strain in the critical interconnects located at the corners of the component. As-reflowed solder joints were also investigated with cross-sections and microscope observations to ensure that the resulting microstructure and grain morphology are representative of those usually observed in SAC305 solder joints after reflow (ȕ-Sn dendrites and Ag 3 Sn intermetallic compounds + ȕ-Sn macrograin morphology [9] ). The test assemblies were then subjected to four different thermal cycling conditions (three cycles per condition were conducted in order to get the hysteresis loop stabilization): The slow ramp rate (0.5°C/min) and long dwell time allow viscoplastic phenomena (creep and stress relaxation) to occur and prevent any temperature gradient due to differential of thermal inertia between the component and the PCB. The corresponding SAC305 solder joints shear stressstrain hysteresis loops were plotted and the associated strain energy densities were measured. Finite Element Modeling was also conducted in order to compare the experimental and numerical strain energy densities.
II. EXPERIMENTAL APPROACH
A. Principle P. Hall developed an axisymmetric model to simplify the complex strain field generated in the assembly during temperature cycles. Contrary to classic parallelepipedic packages, the circular model allows the reduction to only one component for the radial force and moment applied on solder joints. This assumption also excludes any out-of-plane forces and only shear solicitations can therefore be considered. This hypothesis is relevant for solder joints subjected to thermal cycling loading. The equivalent axisymmetric model is obtained assuming the same area between the CBGA76 and the circular component:
with "a" the side of the CBGA76 and L D the equivalent radius). Shear displacement and force are indirectly determined with the strain gages which measure strains at the center of top and bottom faces of the component and the PCB. Thermal cycling-induced shear strains in solder joints, which are driven by the CTE mismatch between the component and the PCB, can be divided into two contributions: pure shear and bending of the assembly. Shear stress "Ĳ" can be derived from the forces and moments exerted on the critical solder joints. Figure 1 presents the schematic representation of the test assembly instrumented with four strain gages along with the thermal cycling-induced shear stress and strain at the critical solder joint (to simplify, the assembly bending is not represented in the figure but the term "Ȗ" gathers the pure shear and the bending contributions). Figure 1 . Placement of the four strain gages on the test vehicle (the subscripts "c", "s" and "P" respectively stands for "component", "solder" and "PCB"
From deformations measurements given by the different strain gages and parameters relative to the assembly (dimensions and material properties), shear stress and strain in the critical solder joints can be derived:
Shear stress
With İ i the deformation from strain gage "i" (i = 1, 2, 3 and 4), L D is the equivalent distance to neutral point (radius of the circular component), h is the height, A is the contact area between the solder joint and the component assumed to represent the interfacial crack area generated during thermal cycling), P is the pitch (distance between each solder joint), E is the Young modulus and Ȟ is the Poisson ratio.
This section gave a quick overview of the experimentation as imagined and set up by P. Hall in 1984. For more information about this axisymmetric model, the reader can refer to his original paper [6] .
B. Test assembly
The test vehicle consists of a custom daisy-chained peripheral 76 I/O Ceramic Ball Grid Array (CBGA76) with 0.76 mm diameter SAC305 solder balls assembled on an FR-4 multi-layered PCB. The component was designed by Kyocera and the balling process was performed by Retronix. The CBGA76 component is a 1 mm thick 25 x 25 mm package with a pitch of 1 mm. Figure 2 shows the CBGA76 package with its associated dimensions. Only the inner pads were balled so that there is no "array" effect on strain and stress measured in the critical solder joints. The tungsten, molybdenum (W, Mo) pads are covered with Au, Ni surface finish. The alumina coat on the component bottom face is defined so that the pad opening is equal to 0.6 mm. The size of the inner pads outline is 19 x 19 mm. Based on Hall's assumption stating that the component area should be equal to its corresponding circular plate area, the distance to neutral point (L D ) for the axisymmetric model is 10.7 mm.
The PCB is a 1.6 mm thick, 125 x 125 mm Panasonic R-1755V FR-4 with 8 embedded copper layers. The board has Electroless Nickel Immersion Gold (ENIG) surface finish on Solder Mask Defined (SMD) pads. The conformal coating deposition is defined so that the opening on the PCB pads is equal to 0.6 mm. After reflow, the soldered balls are therefore balanced with the same "solder neck" diameters on the component and PCB sides. The assumed solder crack area is thus A = ʌ × (0.3) 2 = 0.28 mm 2 . Because of the lack of space between the component and the PCB, Hall was not able to place strain gages 2 and 3 on the same test assembly. To get rid of this limitation, four holes were drilled in the PCB underneath the component (Figure 3 ). Those holes allow the copper wires from both inside gages (2 and 3) to "go through" the PCB. The PCB and the CBGA76 component were optically characterized with Topography and Deformation Measurements (TDM) in order to determine their respective CTE:
• CBGA76: Į c = 5.5 ppm/°C • PCB: Į P = 15.4 ppm/°C During temperature cycling, the dilatations and contractions of the PCB and the CBGA76 component are monitored thanks to four strain gages placed on the assembly with M600 adhesive [10] . Those are rosette gages calibrated with quartz material whose low CTE (Į quartz = 0.6 ppm/°C) allows component and PCB thermal strain measurements. Since critical solder joints are located in the diagonals of the CBGA76 component, only the 45°-steered gages are wired. Each strain gage is configured in Wheatstone bridge circuits and wired with 4 wires to ensure accurate resistance measurements (compensation of the resistivity of the wires).
Once the strain gages are placed and wired, the CBGA76 component is deposited on the PCB on which SAC305 solder paste has been first stencil-printed. This preassembly is then placed in a reflow oven for final soldering. Figure 4 presents the reflow temperature profile as well as the test vehicle after assembly. The detailed description of the test vehicle and the assembly process is explained in an unpublished paper [11] .
C. As-reflowed solder joints microstructure
To ensure the representativeness of the experimentation, solder joints microstructure and ȕ-Sn grain morphology after reflow must be similar to those usually observed on SAC305 interconnects. Unlike SnPb solders, SAC305 solder joints are highly anisotropic because of the presence of few large ȕ-Sn macrograins whose Young modulus and CTE vary according to the direction [12] . SAC305 solder joints can also present a localized "interlaced" morphology with smaller ȕ-Sn grains size [9] . It is therefore important to verify whether the CBGA76 solder balls present this specific morphology. Figure 5 As expected after solder reflow, SAC305 solder joints depict a ȕ-Sn dendritic microstructure with Ag 3 Sn intermetallic compounds and ȕ-Sn matrix filling the interdendritic spaces. It is also interesting to observe that SAC305 interconnects exhibit a macrograin morphology along with interlaced grains at the interface with the copper pad.
D. Temperature cycling tests
Different thermal cycling conditions are considered in this study. In order to allow viscoplastic phenomena to occur and prevent temperature gradients in the test assembly due to thermal inertia of each material of the CBGA76 component and the PCB, a very slow ramp rate of 0.5°C/min is imposed in the thermal chamber during temperature transitions. Four temperature amplitudes are tested and the dwell time at high and low temperatures is set to 120 minutes. Figure 6 presents the different thermal cycling conditions considered in this study. 
III. FINITE ELEMENT ANALYSIS
The FEM analysis is conducted using ANSYS Workbench V17.1. A slice model of the CBGA76 assembly is considered in this study. This modeling technique applicable to packages having octant symmetry allows the reduction of computing time as it only focuses on the diagonal of the assembly [13] . The assumption is relevant since the outermost corner ball is the most damaged solder joint during thermal cycling. Elastic behavior is considered for the materials of the PCB and CBGA76 component. The elastic properties of each material of the assembly are given in Table 1 below. The temperature-dependent elastic modulus of SAC305 solder alloy was obtained from tensile tests conducted on dog bone samples at five temperatures from -55°C to 125°C [14] . The ȕ-Sn grain morphology of these samples is not representative of the macrograin morphology usually observed on solder interconnects but it is not problematic here because elastic contribution is not dominant during thermal cycling. SAC305 solder alloy is also described as a viscoplastic material using Anand constitutive model whose parameters are given in Table 2 . The viscoplastic contribution is predominant during thermal cycling. The nine Anand constants were therefore determined from creep tests at different temperatures and imposed charges, performed on different dog bone samples depicting a macrograin morphology in order to be consistent with real solder joints after reflow [14] . The strategy to conduct thermomechanical simulation usually consists in calculating the averaged inelastic strain energy density dissipated in the damaged volume of the critical solder joint during one cycle. In this study, another approach is considered as the numerical hysteresis loops are plotted by modeling the strain gages and substituting the calculated strain evolutions into equations (1) and (2).
A fine mesh is attributed to the critical solder joints while a coarser one can be generated for the rest of the assembly to reduce computing time ( Figure 7. (a) ). Each strain gage is modeled as one shell element with a specific orientation allowing deformation calculations ( The numerical model is made of 7224 elements and 36075 nodes (element types: SOLID186, SHELL181, CONTA174 and TARGE170).
IV. RESULTS AND DISCUSSION

A. Experimental SAC305 shear stress-strain hysteresis loop
Viscoplastic phenomena are believed to occur when T H = T/T m > 0.4 (T H is the homologous temperature defined as the ratio between the temperature and the melting temperature of the material T m ) [16] . Between -40°C and 125°C (extrema temperatures for the considered thermal cycling conditions), SAC305 homologous temperatures are respectively close 0.5 and 0.8. In this homologous temperature range, the time-dependent material response, that is to say creep and stress relaxation of SAC305 solder alloy, is significant and thermal cycling-induced viscoplastic effects can therefore be seen from shear stress and strain data collected with strain gages. Figure 8 shows the four shear strain-stress hysteresis loops corresponding to the different temperature cycles. The shape of the hysteresis loops from conditions 1 to 3 is similar. During thermal ramp up, an increase of the shear stress is observed and tends to depict an asymptotic behavior as temperature reaches its maximum value. The high creep rates at high temperature indeed lead to softening of the solder joints. At high temperature dwell, shear stress is released while strain increases. When temperature decreases, the absolute value of shear stress increases but does not show an asymptote as viscoplastic phenomena are less activated at low temperature and solder joints become therefore more resistant. The extent of stress relaxation at low temperature dwell is less important than at high temperature because the creep rates are smaller.
It is interesting to observe that hysteresis curves corresponding to conditions 2 and 3 (yellow and blue loops respectively) seem shifted towards the positive stress values. It is surprising because as temperature increases the interconnections become less resistant to viscoplastic deformations whereas this resistance is higher when temperature decreases. The absolute value of the shear stress should therefore be more important at low temperature than at high temperature. Shizari et al. also observed this trend on solder balls with speckle measurements as they found a value of 15.9 MPa at 105°C and -14.6° MPa at 43°C [17] . However, thermal cycling tests corresponding to these conditions were conducted the following week the test vehicle was reflowed whereas tests corresponding to conditions 1 and 4 were performed several months after reflow assembly. It is believed that during this "isothermal aging" at ambient temperature, the residual stress in solder joints due to assembly flexure generated during assembly was released and that is why the corresponding loops are consistently placed relative to the line Ĳ = 0. Temperature cycling conducted between -25°C and 25°C shows a corresponding hysteresis loop with a small area characterizing a limited temperature-induced damage (small dissipated strain energy density). At ambient and low temperatures, viscoplastic contribution (i.e. creep and stress relaxation) is indeed not as dominant as at high temperatures. It is therefore expected that CBGA76 assemblies subjected to thermal cycles between -25°C and 25°C would last significantly longer than an assembly subjected to temperature cycling between 25°C and 75°C (same thermal amplitude) for which viscoplastic solicitations are dominant.
B. Finite Element Modeling analysis
Numerical simulations of the thermal cycling tests have been performed (Figure 9 . (a) and (b)) and a focus has been made on the strain distribution in the solder joints. The obtained strain cartographies are correlated with optical microscopy observations made on cracked CBGA76 solder balls ( Figure 10. (a) and (b) ). The fatigue crack is located in the solder bulk on the component side. The crack initiates at the solder neck and propagates along the direction parallel to the solder and component interface. The solder neck is a geometrical singularity due to the CBGA76 SMD pads which generates high stress concentration zones from which a crack can initiate. The FEM analysis qualitatively captures strains in the solder joint. Usually, to assess solder joint durability, the technique consists in calculating the averaged inelastic strain energy in the damaged volume of the critical solder joint. In this analysis, the fatigue criterion is rather calculated by determining the numerical hysteresis loops area. These simulated hysteresis loops are plotted from the deformations obtained from the modeled strain gages. Figure 11 shows the comparison between the experimental and the numerical hysteresis loops for temperature cycling corresponding to conditions 1 between -25°C and 125°C and 4 between -25°C and 25°C (conditions 2 and 3 are not considered for comparison because of the relative position shift which does not allow direct comparison with simulations). For both conditions, the experimental and numerical curves are relatively closed to each other. The discrepancies can be due to the characterization tests considered to derive Anand's parameters. The constitutive viscoplastic model implemented in ANSYS was indeed determined with samples which were not representative of actual solder joints in terms of size and microstructure. On the contrary, the hysteresis loops construction represents a characterization test that considers real size as-reflowed solder joints with a representative microstructure. Moreover, the first set of Anand parameters was determined only from creep tests whereas the current experimentation is conducted with temperature cycling where creep and stress relaxation occur simultaneously as it does for electronic equipment in the field. The experimental hysteresis loops therefore provide the necessary data to improve the accuracy of the viscoplastic model. Coupled with an optimization procedure, the FEM analysis could be used to fit the experimental data and derive new constants of the Anand model. Strain energy densities are measured for each hysteresis loop. The shape of the hysteresis loops, as well as the shear stress and strain ranges are similar between simulation and experimentation for each tested conditions. As a result, the area of the loops, that is to say the experimental and numerical strain energy densities are in a good agreement (Figure 12 ). The experimental results are particularly interesting as it gives a measured value for a fatigue criterion which is usually determined by calculating the averaged inelastic strain energy density in a specific volume of the solder joints with FEM analysis. 
CONCLUSION
A specific test vehicle has been developed to plot experimental shear strain-stress hysteresis loops corresponding to SAC305 thermomechanical behavior. The methodology initially developed by P. Hall in 1984 for Sn60Pb40 solders was apply to assess strain energy densities dissipated in SAC305 solder joints during four thermal cycling tests. FEM analysis was also performed to calculate the numerical strain energy densities which showed a good correlation with the experimentation.
Further work is needed to conduct thermal cycling tests until failure of several test assemblies in order to get a statistical distribution of failures and correlate the associated number of cycles to failure with the measured strain energy density. Conducting such investigation for each thermal cycling condition would allow to derive an entirely experimental fatigue model for SAC305 solder joints subjected to thermomechanical loading.
